INTRODUCTION
Death within a living tissue may occur by either necrosis or apoptosis. These two processes have fundamentally different morphological appearances, follow different regulatory mechanisms and are of different biological significance (see Table 1 ). The term apoptosis first appeared in the biomedical literature in 1972, to delineate a structurally-distinctive mode of cell death responsible for cell loss within living tissue (1). The stereotypical morphological features of apoptosis include cell shrinkage, membrane blebbing, breaking up the cells into a number of membrane bound fragments (apoptotic bodies), cytoplasmic condensation, condensation of the nuclear chromatin, and endonuclease-catalyzed degradation of DNA (1). A particular feature of apoptosis is that the plasma membrane of the cell remains intact until very late in the process (1). Changes in several cell surface molecules also ensure that in tissues apoptotic cells are recognized and phagocytosed by their neighbors or macrophages. This phenomenon prevents the activation of inflammatory processes, which may lead to secondary tissue damage (1;2). Furthermore, the apoptotic cell death is a coordinated and an active process requiring ATP as energy source (3;4). Since it has been reported that the loss of mitochondrial membrane potential, which halts mitochondrial ATP production, is an early step in apoptosis (5;6), intracellular ATP required for the rest of the apoptotic pathway must be provided by glycolysis. In contrast to apoptosis disruption of the plasma membrane occurs early in necrosis with consequent inflammation leading to secondary tissue damage.
A number of signaling pathways leading to apoptosis have recently been defined. A common end point of all pathways is the activation of a series of cysteine proteases, also known as caspases (7). The activation of the caspases results in the activation of proteins e.g. CAD (caspase activated DNase) finally leading to cell death.
Apoptosis is known to play an important physiological role during embryonic development and in the control of the cell number in proliferative tissues. In addition it has been described in mature brain (8;9), heart (10- 14) , and thymus (15) in response to specific insults.
While considerable knowledge has been accumulated on the regulation of apoptosis in immunecompetent cells the actual process of programmed cell death (PCD) is poorly understood in solid, differentiated tissues such as the skeletal muscle (16) . Defining the relative importance of nuclear apoptosis in muscle fiber death is substantially complicated by the presence of hundreds of myonuclei in each muscle fiber. Some nuclei in a single cell can be targeted for death while others are unaffected (17) .
The purpose of this review is to summarize the knowledge in the current literature concerning the occurrence of apoptosis in mature skeletal muscle and the molecular regulation of this process.
METHODS FOR THE DETECTION OF APOPTOSIS
The detection of apoptosis is based on two hallmarks of the process: typical morphological changes (1) and internucleosomal DNA fragmentation (18) (see Table  2 ).
Morphological Methods
Microscopic methods like electron microscopy, confocal microscopy (19) or light microscopy are most commonly applied to detect morphological alterations of the cell nucleus. Using electron microscopy apoptosis was detected in myocardial tissue in the case of a degenerating conduction system (19) , in experimental heart failure (20) , and in the human hibernating myocardium (21) . A major limitation of electron microscopy is that the detection of single apoptotic cell nuclei is very difficult and can be compared to finding a needle in a hay stack. Moreover, cardiomyocytes and skeletal muscle myocytes do not exhibit the classical nuclear morphology associated with apoptosis, despite observed DNA fragmentation (22;23) . Therefore, most of the evidence on the occurrence and quantity of apoptosis was obtained by methods using light microscopy. In living cells, it is possible to detect the externalization of phosphatidylserine in apoptotic cells by Annexin 5 labeling. The specific staining can be further evaluated by either conventional light microscopy or by FACS (flouresence activated cell sorter)-analysis. In some tissues, apoptotic cells can be identified by routine histological staining or using specific nuclear stains, such as propidium iodine or Hoechst stain, but usually special techniques are applied to detect biochemical or molecular markers of apoptosis.
Biochemical and Molecular Methods
One of the most applied method to prove apoptosis in tissue section is the TUNEL (terminal deoxynucleotidyl transferase mediated dUTP nick end labeling) reaction (24). This method labels the free 3´-ends of DNA by terminal transferase (TNT), and the label is then visualized by immunohistochemical techniques. Nevertheless, the TUNEL reaction seems to be prone to false positive or negative findings and several improvements of the methods have been proposed (25;26) . The staining is very dependent on fixation time of the tissue samples (27) , proteolytic pretreatment of the section (28;29) and the concentration of the nucleotides and terminal transferase used for labeling (29) . A recent analysis demonstrated that most of TUNEL-positive myocytes of patients with dilated cardiomyopathy are not apoptotic but rather living cells with increasing activity of DNA-repair (30) . Therefore, the TUNEL-method, as used by the majority of investigators, has to be regarded with caution concerning its specificity.
Apart from the TUNEL reaction several other immunological methods have been developed to detect and quantify apoptosis related proteins, such as Bcl-2, protooncogene Bax, Bcl-Xl, the caspase induced cleavage of PARP (poly-ADP-ribose polymerase), mitochondrial release of cytochrome c, or the cleavage of procaspase-3 (31) (32) (33) (34) . The disadvantage of all these determinations is that they have to be considered only as indirect evidences of apoptosis.
Another frequently used assay based on the second hallmark of apoptosis is the separation of cellular DNA on agarose gels. This technique takes advantage of the fact, that during the apoptotic process the DNA is cleaved at sites located between nucleosomal units, thereby generating DNA mono-and oligonucleosomal fragments (180bp multimers), which may be visualized on agarose gels (DNA-laddering In conclusion, as long as no gold standard for the specific detection of apoptosis is available, it seems that it is very important not to rely on a single method to detect or even quantify apoptosis.
OCCURRENCE OF APOPTOSIS IN MATURE SKELETAL MYOCYTES
Muscle cell death is observed in various physiological and pathophysiological circumstances. For example, during differentiation the tail muscle of tadpoles is fragmented via apoptosis and large chunks of muscle are phagocytosed (37). The question arises, however, whether apoptosis is also evident in end-differentiated skeletal myocytes. In the following section, we want to summarize the knowledge about the occurrence of apoptosis in differentiated skeletal muscle fibers in different pathological conditions and its physiological relevance.
Skeletal Myocyte Apoptosis in Duchenne Muscular Dystrophy (DMD)
Duchenne muscular dystrophy, one of the best characterized muscle disease, involves muscle wasting and the premature death of afflicted patients as a consequence of respiratory failure. Although the primary defect in dystrophic muscle is very well characterized (38), the relationship between the absence of the membraneassociated, cytoskeletal protein dystrophin and cell death is not completely solved. Several studies have analyzed the occurrence of apoptosis in skeletal muscle samples obtained from patients with DMD or from the mdxmouse, an animal model of the disease. Many characteristics of cell death in dystrophin deficient muscles resembles those of necrosis, such as pathological elevation of intracellular calcium, increase in the sarcoplasmic volume, aberrant morphology of the mitochondria, and inflammation (39-43). At that time the working model of myocyte death via necrosis was not able to explain the relative late clinical onset of muscle pathology, at about 3 years of age in DMD-patients and 3-4 weeks in the mdx-mice. There had to be a trigger for cell death between the absence of dystrophin and the death of muscle cells. In 1995 two papers demonstrated for the first time, that in the skeletal muscle of the mdxmouse apoptosis precedes necrosis, and that the apoptotic events continued into the stage of dystrophic pathology, that is currently viewed as necrosis (17;44) . This observation could be confirmed by several other groups in the mdx-mouse (45-48). In skeletal muscle biopsies obtained from DMD patients the results concerning the presence of apoptotic myonuclei is still controversial. In recent studies it has been demonstrated that not only infiltrating macrophages but also muscle fibers were stained apoptosis positive using TUNEL methodology (47;49). These results, however, were not confirmed in studies using DNA-laddering for detection of apoptosis in myogenic cells (50;51). It is noteworthy, that all the TUNEL-labeling detected was restricted to mononuclear infiltrates. Furthermore, Sandri and coworkers could demonstrate that the apoptotic index in mdx-mice dramatically increased after physical exercise, whereas in the skeletal muscle of control animals only a minor increase of apoptotic cells was detectable (46). This observation would be an explanation for the observed exercise-induced muscle damage and its influence on the progression of the disease.
Skeletal Myocyte Apoptosis in Atrophy due to Unloading or Motor Neuron Disorders
Reduction of neuromuscular activity and/or unloading, by denervation, hindlimb suspension, or zero gravity during spaceflight, results in rapid and substantial atrophy of skeletal muscle fibers (52). The mechanisms, by which muscle fiber size is reduced includes transcriptional and posttranslational pathways (53;54).
Several studies demonstrated, that muscle atrophy associated with unloading is accompanied by a reduction in mean number of myonuclei per fiber (55-57). Even before the term "apoptosis" was introduced into science (58), Lee and Altschel observed a number of myonuclear ultrastructural abnormalities after long-term denervation, including chromatin condensation, nuclear shrinkage, and nuclear fragmentation (59). Investigating the question if the elimination of myonuclei during atrophy either by denervation or unloading is due to apoptosis, Allen and colleagues analyzed rat skeletal muscle samples after hindlimb unweighting by TUNEL-and Hoechststaining. (60). In their analysis they documented that the mean number of TDT-myonuclei was significantly increased after 3 days of suspension, and that this number remained consistent throughout the 14-day period. However, the biochemical signals regulating myonuclear destruction by apoptosis are not known. An attractive working model, that the regulation of myonuclear number is dependent upon the interactive effects of circulating growth hormones/IGF-1 is supported by the following observations. McCall et al. reported that muscle atrophy induced by unloading is associated with a decrease in the circulating level of bioassayable growth hormone (61). Furthermore, treatment of hindlimb suspended muscles with IGF-1 in conjunction with exercise significantly reduced the frequency of apoptotic myonuclei (60).
4.3.Skeletal Myocyte Apoptosis in Ischemia/Reperfusion
Ischemia, with or without subsequent reperfusion, is a common and clinically important cause of injury in many tissues. Apoptosis has been observed in hypoxic endothelium cells (62) , and in cells from different tissues, like the intestine (63), and heart (64;65) following ischemia-reperfusion injury.
Current data about apoptosis in skeletal myocytes after ischemia/reperfusion are still controversial. Hachiya and Kazui reported TUNEL-positive cells and a DNA ladder pattern after reperfusion, concluding that cell death due to ischemia/reperfusion involves not only necrosis but also apoptosis (66) . On the other hand, Knight and coworkers reported the presence of apoptotic cells after 30 min of reperfusion of the rat gastrocnemius muscle (67) . An analysis of the apoptotic cells clearly demonstrated that only endothelial and smooth muscle cells as well as neutrophils and macrophages were TUNEL-positive, whereas skeletal muscle fibers were free of apoptosis positive nuclei.
In conclusion, it is still unclear if during ischemia/reperfusion skeletal muscle fibers die by necrosis or apoptosis, and if apoptotic cell death is restricted to neutrophils and macrophages infiltrating the damaged muscle.
Skeletal Myocyte Apoptosis in Chronic Heart Failure (CHF)
Chronic heart failure is not only associated with an increased mortality, but also with exercise intolerance and early fatigue. It has been frequently pointed out, however, that the level of activity tolerated by individual patients could not be predicted by classical parameters of left ventricular performance (68;69) . Therefore, considerable attention has been focused on the role of peripheral factors such as regional blood flow and skeletal muscle, as determinants of work capacity. Based on the observation of myocardial apoptosis in dilated cardiomyopathy, the question arises whether apoptosis is also prevalent and relevant in the peripheral skeletal muscle of heart failure patients. Our group and the group of Vescovo investigated the occurrence and significance of apoptosis in skeletal muscles of patients with CHF and in a CHF animal model (70) (71) (72) .
We analyzed for the first time the presence of apoptotic nuclei in human skeletal muscle biopsy material of CHF patients by TUNEL. TUNEL-positive nuclei were detected in 47% of CHF patients and we could demonstrate by counterstaining with anti-actin that apart from infiltrating immune cells, also myonuclei proved to be apoptosis positive (73) . Evaluation of apoptosis positive muscle specimens revealed an apoptotic index of 0.7 ± 0.4%. Furthermore, the occurrence of apoptosis correlated with a reduced exercise capacity (VO 2 max), suggesting a functional significance of apoptosis for exercise intolerance of CHF.
In an animal model Vescovo and coworkers demonstrated, that after monocrotaline induced right ventricular heart failure the number of TUNEL positive myonuclei in the fast twitch muscle tibialis anterior increased significantly over time compared to control rats (after 27 days; 0.0025 ± 0.005% vs. 0.031 ± 0.012%). The increase in apoptosis was accompanied by muscle atrophy evident by a drop in fiber cross-sectional area and muscle weight/body weight. Furthermore, in a follow-up report the same group demonstrated that also in slow twitch soleus muscle apoptosis was evident in myonuclei and that the number increased over time (71) . Nevertheless, the apoptotic index in the soleus muscle was lower and no signs of atrophy could be observed as compared to tibialis anterior. The validity of the monocrotaline model as animal model for chronic heart failure and apoptosis has to be questioned, because in an invitro cell culture assay a low as well as a high concentration of the reactive metabolite monocrotaline pyrrole induced apoptotic cell death in arterial endothelial cells (74) . Therefore, the conclusion that the observed apoptotic cell death in skeletal muscle fibers is due to heart failure needs to be confirmed in other animal models of CHF.
Based on the available human and animal studies its seems that in CHF apoptosis occurs in skeletal muscle, and that it may have an influence on muscle atrophy and contractility.
Taken all the results from studies analyzing various diseases, one must conclude that apoptosis is evident also in multinucleated skeletal muscle cells. However, does apoptosis represents only an epiphenomenon without pathophysiological significance (bystander effect) or is it important for muscle dysfunction?
INCIDENCE AND SIGNIFICANCE OF APOPTOSIS IN SKELETAL MUSCLE
Presently, the debate about the pathophysiological relevance of myocyte apoptosis in certain diseases deals with quantitative questions. Reported data on the occurrence of skeletal muscle apoptotic nuclei in human or animal disease models range between 0.03 % (70) and 2.1% (47). To enter the discussion about significance and relevance of apoptosis in skeletal muscle, it is important to solve the question of how long is an apoptotic nucleus detectable and what would be the relevance of such a small loss of nuclei for myocyte integrity and function ?
Concerning the time frame, in which an apoptotic nuclei is detectable, time course studies on dexamethasonestimulated thymocytes have shown, that, using the TUNEL technique, apoptotic nuclei are detectable for approximately 1 to 3 hours after the onset of apoptosis (24). This is in part due to rapid phagocytosis of dead cells and apoptotic fragments. At the moment it is completely uncertain if it is possible to transfer these results of the invitro assays to the in-vivo situation. Without the knowledge of how fast a nuclei or even a cell is removed in the tissue, it is very difficult to assess the apoptotic indices published in the recent literature.
Is a low apoptotic index in a certain tissue relevant for its function? Based on observations made by Howie and colleagues a low frequency of apoptosis may still represent a major cell turnover (75) . They demonstrated that the depletion of CD4 cell in mouse lymph nodes by 50% can be achieved by apoptosis within 48h, but the observed apoptotic rate never rose above 1.3%. Therefore, a small number of apoptotic nuclei at one time detected in skeletal muscle in different diseases may contribute to a substantial loss of muscle mass over a longer time period, resulting in a decreased contractility (47;73).
The discussion on relevance and significance of apoptosis in skeletal muscle is further complicated by the fact that in each muscle fiber more than 100 nuclei are present, and that only a minority of myonuclei inside the myofiber display DNA fragmentation (nuclear death) (60;76). Does the loss of a single or of several nuclei alter fiber morphology or even function? Based on the concept that one nucleus controls a specific territory (nuclear domain), one has to assume that the loss of a single nucleus is associated with the loss of the controlled cytoplasmic territory (77;78). This hypothesis was confirmed by Hikida and coworkers (57). They analyzed the myonuclear population in the soleus muscle of rats that had undergone atrophy due to 10 days spaceflight, and could demonstrate that the number of nuclei was reduced proportionally to the loss of fiber size.
In mononucleated cells, the complete apoptotic cell is removed by phagocytosis, whereas in multinucleated cells only the apoptotic nucleus is removed leaving the rest of the cell intact. At the present time it is not completely understood how an individual myonucleus can be eliminated without destruction of all nuclei or the entire myocyte (nuclear death). Nevertheless, studies using heterokaryons of thymocytes and NIH3T3 cells demonstrated, that individual nuclei can indeed undergo disintegration without destroying neighboring nuclei or the entire cell (79) .
Taking all these results together, one has to conclude that apoptosis occurs also in differentiated skeletal muscle, but the extent and the significance for physiological alterations still remain to be determined.
MOLECULAR MECHANISM FOR THE REGULATION OF THE APOPTOTIC PROCESS
Over the last years a considerable body of knowledge accumulated on the regulation of apoptosis in immunecompetent cells (reviewed in (80;81) (Figure 1 ). On the other hand in solid tissues, and especially in multinucleated cells like skeletal muscle, the initiation and regulation of apoptosis is still poorly understood. In the following section we summarize the knowledge about different important factors of the apoptotic cascade in skeletal muscle cells.
Caspases
Apoptosis can be activated endogeneously through a genetically defined program or by exogenous proteins, cytokines and hormones, as well as xenobiotic compounds (e.g. radiation, oxidative stress, and hypoxia). A central component of the signal mechanism leading to apoptotic cell death is the activation of a series of procaspase proteases (82) . In terms of skeletal muscle cells, the available data on caspase activity is limited. Yashuhara and coworkers investigated the occurrence of apoptosis after burn injury (83) . They could show, that beneath the burned surface, as well as in muscles at sites distant from the burn injury, caspase-1,-3, and -9 were activated and myocyte apoptosis was detectable.
In a different experimental setting skeletal muscle fibers of mice exhibiting a dystrophic skeletal muscle due to a deficiency of the laminin alpha2 protein were analyzed for caspase-3 activation and induction of apoptosis (84) . Using a cleavage site directed caspase-3 antibody it could clearly be demonstrated that caspase-3 is activated in the skeletal muscle of these mice as compared to wild-type mice.
Based on these limited studies one may conclude, that the activation of caspase-3 is part of the activation cascade leading to apoptotic cell death, as it is described for several other tissues (85;86)
Mitochondria and the Release of Apoptotic Regulating Substances
Disturbances of mitochondrial function induced by several different factors e.g. toxins are associated with changes in membrane potential. After the disruption of the mitochondrial membrane potential, the conductance of the mitochondrial permeability transition pore (PT) is increased, and cytochrome c as well as AIF (apoptosis inducing factor) are released into the cytosol. This permeability increase can be prevented by the protooncogene Bcl-2 (87-90), which is located in the mitochondrial outer membrane (87) . In the cytosol cytochrome c activates the oligomerization of APAF-1 (91-93), a mammalian homologue of the Caenorhabditis elegans cell death protein ced-4 (94). Once activated APAF-1 binds to and activates procaspase-9. The complex formed between cytochrome c, APAF-1 and procaspase-9 is often designated in the current literature as "apoptosom" (95) . Is the mitochondrial pathway involved in the activation of apoptosis in skeletal muscle? Concerning the release of cytochrome c into the cytoplasm, no experimental data on skeletal muscle are available up today. However, for cardiomyocytes a 15 to 20 fold higher concentration of cytochrome c in the cytoplasmic compartment could be demonstrate in 16 explanted hearts, resulting in an activation of caspase 3 (34) . Therefore, at least in heart muscle, changes in the mitochondrial permeability may be involved in the execution of the programmed cell death.
APAF-1
Besides the release of cytochrome c, APAF-1 is an important factor for the activation of procaspase 9 via cytochrome c. A recent report from Burgess and coworkers demonstrated that APAF-1, a central player in the mitochondrial dependent activation of caspase-3, is not detectable in skeletal muscle of healthy volunteers at the protein level and only very weak at the transcriptional level (19;92) . However, nothing has been reported so far concerning the expression of APAF-1 in pathophysiological situations where apoptosis is detected in skeletal muscle.
Bcl-2 family
The release of mitochondrial apoptogenic factors such as cytochrome c and AIF into the cytoplasm is controlled by the Bcl-2 family of apoptosis regulators. Mitochondria purified from Bcl-2 overexpressing cells are protected against the mitochondrial permeability transition induced release of cytochrome c and AIF and the subsequent induction of the apoptotic cell death (88;90;96) . On the other side, the overexpression of Bax causes a dissipation of the mitochondrial membrane potential, thereby initiating the mitochondrial controlled apoptotic pathway. Several reports in the literature have analyzed the expression between the pro-and antiapoptotic Bcl-2 family members. They all could demonstrate that in different diseases, where apoptosis could be detected in skeletal myocytes, the expression of Bcl-2 was unchanged or reduced whereas the Bax-expression increased, thereby shifting the balance between pro-and antiapoptotic factors towards the proapoptotic side (46;47;70;73).
Nitric Oxide
Nitric oxide (NO) represents another possible factor inducing the apoptotic pathway in skeletal muscle. It has been demonstrated that NO has the potential to induce apoptosis in cell culture systems of mouse thymocytes (97), macrophages (98) , rat ventricular myocytes (99) as well as in rat skeletal muscle myoblast (100). Recently, the expression of the inducible isoform of nitric oxide synthase (iNOS) has been demonstrated in skeletal myocytes of patients with chronic heart failure (101;102). The expression of iNOS correlated inversely with the exercise capacity of CHF patients (103) . We could recently demonstrate that apoptosis occurred in skeletal muscle of roughly 40% of the patients and that patients exhibiting apoptosis positive skeletal muscle biopsies showed a higher expression of iNOS (73) . These results indicate that nitric oxide is a potential stimulus for apoptosis in skeletal muscle of patients with chronic heart failure.
What may be the mechanism by which NO is inducing apoptosis? One possible mechanism would be that NO induces apoptosis via peroxinitrite, a potent proapoptotic reaction product of NO and superoxide (99) . An other mitochondrial dependent pathway by which NO may induce apoptosis has been recently discussed by Hortelano and coworkers (104) . They showed that NO increases the mitochondrial membrane potential and chemically modifies cytochrome c, thereby altering its structure and facilitating its release from the mitochondria into the cytosol finally leading to caspase-3 activation.
SUMMARY AND POTENTIAL IMPLICATIONS
Although evidence has been provided that apoptosis is a feature in skeletal muscle fibers in several disease like chronic heart failure or Duchenne muscular dystrophy, there are still several unsolved issues that need to be addressed.
1. Development/refinement of methods with high sensitivity and specificity for the detection of apoptosis. At the present time no gold standard for the proof of apoptosis is available making it very hard to compare different studies with each other. In many previous studies the TUNEL or DNA laddering methodology was used to detect and even quantitate apoptosis. As documented now by recent studies TUNEL staining and DNA laddering may not suffice to prove apoptosis and other alterations are probably required to confirm apoptosis.
2. Determination of functional significance of small numbers of apoptotic nuclei in a multinucleated skeletal muscle fiber. Almost all published studies of apoptosis in human or in animal models of different diseases are descriptive verifying the presence of apoptotic cells, while the relation to function outcome remains mostly unknown.
3. Analysis of molecular mechanisms involved in the regulation of apoptotic cell death. At the molecular level it still remains uncertain which mechanisms initiate the apoptotic process in skeletal muscle. The definition of the mechanism will also help to define potential targets for future interventions. In the current literature there are studies which only describe the activation of members of the apoptotic pathway e.g. caspases but the exact involvement of these parameters for the initiation of apoptosis is still unknown.
When all these issues have been adequately addressed anti-apoptotic therapeutic strategies may be developed for systemic myopathies in which apoptosis plays a central role. Physiol 83, 2086 Physiol 83, -2090 Physiol 83, (1997 
